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In recent years, there is a growing interest concerning the development of a multi-
parametric system for earthquakes’ short term forecast identifying those parameters 
whose anomalous variations can be associated to the complex process of such events. 
In this context, the Robust Satellite Technique (RST) has been adopted herein with the 
aim to detect and map thermal anomalies probably related with the strong earthquake 
of M6.3 occurred near the city of Larissa, Thessaly on March 3rd 2021 10:16:07 UTC. 
For this purpose, 10 years (2012-2021) of daily Night-time Land Surface Temperature 
(LST) remotely sensed data from Moderate Resolution Imaging Spectroradiometer 
(MODIS), were analyzed. Pixels characterized by statistically significant LST 
variations on a daily scale were interpreted as an indicator of variations in seismic 
activity. Quite intense (Signal/Noise ratio > 2.5) and rare, spatially extensive and time 
persistent, TIR signal transients were identified, appearing twenty five days before the 
Thessaly main shock (pre-seismic anomalies: February 6th, February 11th March 1st), 
the day of the main earthquake (co-seismic anomaly) and after the main shock (post-
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was combined with geological and structural data of the area of interest, such as active 
faults, composite seismogenic sources, earthquake epicenter and topography in order 
to perform preliminary spatial analysis. 
 





Τα τελευταία χρόνια, υπάρχει ένα αυξανόμενο ενδιαφέρον σχετικά με την ανάπτυξη ενός 
πολυπαραμετρικού συστήματος βραχυπρόθεσμων προβλέψεων σεισμικών γεγονότων 
συσχετίζοντας τα τελευταία με ανώμαλες μεταβολές παραμέτρων όπως είναι η 
θερμοκρασία. Σε αυτό το πλαίσιο, η Εύρωστη Δορυφορική Τεχνική (Robust Satellite 
Technique-RST) έχει υιοθετηθεί εδώ με σκοπό την ανίχνευση και χαρτογράφηση πιθανών 
θερμικών ανωμαλιών που σχετίζονται χωροχρονικά με τον ισχυρό σεισμό μεγέθους  
M6.3 που συνέβη 20 km BΔ της πόλης της Λάρισας, στις 3 Μαρτίου 2021 και ώρα 
10:16:07 UTC. Το σύνολο των δεδομένων που αναλύθηκε καλύπτει μια χρονική περίοδο 
δέκα ετών (2012-2021) νυχτερινών καταγραφών LST (Land Surface Temperature) του 
φασματοραδιόμετρου MODIS (Moderate Resolution Imaging Spectroradiometer). Τα 
εικονοστοιχεία που χαρακτηρίζονται από στατιστικά σημαντικές μεταβολές LST σε 
καθημερινή κλίμακα ερμηνεύθηκαν ως πιθανοί δείκτες διακυμάνσεων της σεισμικής 
δραστηριότητας. Αρκετά έντονες θερμικές ανωμαλίες με λόγο σήματος προς θόρυβο 
μεγαλύτερο του  2.5 και σπάνιες, χωρικά εκτεταμένες και χρονικά ανθεκτικές θερμικές 
μεταβολές εμφανίζονται 25 ημέρες πριν από το κύριο σεισμό της Θεσσαλίας και 
συγκεκριμένα την 6η Φεβρουαρίου, 11η Φεβρουαρίου και 1η Μαρτίου, την ημέρα του 
κύριου σεισμού καθώς και έως και 14 ημέρες μετά τον κύριο σεισμό (μετασεισμικές 
ανωμαλίες την 4η, 10η και 17η Μαρτίου). Το σύνολο των θερμικών ανωμαλιών 
συνδυάστηκε με άλλα δεδομένα, όπως η γεωλογία, η τοπογραφία, τα ενεργά ρήγματα και 
οι σύνθετες σεισμικές πηγές της περιοχής ενδιαφέροντος προκειμένου να 
πραγματοποιηθεί μια προκαταρκτική χωρική ανάλυση. 
 
Λέξεις-κλειδιά: Σεισμός Θεσσαλίας; Θερμοκρασία Εδάφους; Εύρωστη Δορυφορική 




Looking toward the assessment of a multi-parametric system for tectonic deformations’ 
short term (from days to weeks) forecast, a preliminary step is to identify those 
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parameters (chemical, physical, biological, etc.) whose anomalous variations can be, to 
some extent, associated to the complex process of preparation of such a tectonic event 
(Genzano et. al., 2020). A candidate parameter for integration in such a multiparametric 
system should: i) be selected on the basis of experimental observations, ii) be 
measurable with sufficient space-time continuity, iii) exhibit space-time transients 
(potentially related to earthquakes) identifiable through clear, scientifically founded and 
repeatable data analysis techniques and iv) exhibits a non-occasional relation between 
space-time transients and earthquake characteristics (e.g. time, position, magnitude) 
(Genzano et al., 2020).  
 
Among the different parameters, the fluctuations of Earth's thermally emitted radiation, 
as measured by sensors on board of satellite systems operating in the Thermal Infra-
Red (TIR) spectral range has been proposed since long time as a potential precursor. 
Satellite remote sensing enables the estimation of Land Surface Temperature (LST) 
over wide areas and especially in sites with different land surface characteristics such 
as vegetation cover, topography, lithology, tectonic structure and geomorphometry, 
with a variable spatio-temporal resolution depending on the selected satellite/sensor 
system (Li et al., 2013). Satellite sensors, as MODIS (Moderate Resolution Imaging 
Spectroradiometer), having channels in the infrared region of the electromagnetic 
spectrum, enable the monitoring of the Earth’s thermal field at a moderate spatial 
resolution (Lillesand et al., 1987; Anderson et al., 2012; Vollmer and Möllmann, 2017). 
As a result, LST can greatly contribute to the understanding of land surface processes 
in various scales (from local to global) (Brunsell and Gillies, 2003; Anderson and 
Kustas, 2008; Kustas and Anderson, 2009; Karnieli et al., 2010; Ganas et al., 2010; 
Keramitsoglou et al., 2011; Zhang et al., 2014; Christman et al., 2016; Scambos et al., 
2018; Eleftheriou et al., 2016b; Aguilar-Lome et al., 2019; Athanasiadou et al.,2020; 
Peleli et al., 2021).  
 
Since 2001, a general approach called Robust Satellite Techniques (RST) (Tramutoli et 
al., 2001; 2005; 2007) has been used to discriminate anomalous thermal signals, 
possibly associated to tectonic activity from normal fluctuations of Earth's thermal 
emission related to other causes. The RST considers each anomaly in the space-time 
domain as a deviation from a normal state that can be defined by processing multi-year 
time series of homogeneous (e.g., same month, same spectral channel/s; same overpass 
times) cloud-free satellite records. As shown in several papers (e.g., Tramutoli et al., 
2001, 2005, 2009, 2015b, 2018b; Filizzola et al., 2004; Eleftheriou et al., 2016a; 
Genzano et., 2020; Peleli et al., 2021), differently from other approaches, the RST 
methodology is able to isolate residual TIR variations which are potentially related to 
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seismic events. During the last 20 years, the RST technique has been applied to four 
different continents and many geo-tectonic contexts, in several earthquakes with 
magnitudes ranging from 4.0 to 7.9, using both polar (NOAA-AVHRR, EOS-MODIS) 
and geostationary (MFG-MVIRI, MSG-SEVIRI, GOES-IMAGER, MTSAT-
IMAGER) satellite data, revealing correlations between TIR anomalies and tectonic 
deformation, in a time window ranging from 30 days before to 15 days after a seismic 
event (Genzano et al., 2020 and references therein). Nevertheless, remote sensing 
techniques for several reasons cannot perform identically well everywhere, every time 
(e.g. due to the presence of clouds). For this reason, sometimes the satellite-based 
research approaches have been the object of criticism (e.g. Pavlidou et al., 2019). From 
the other hand, a quite solid study performed by a group with a multi-decade experience 
in this specific field suggests that TIR variations have a non-casual relation with 
earthquakes’ occurrence. For instance, Filizzola et al. (2004) reported TIR anomalies 
related to the M∼5.9 Athens earthquake of 7 September 1999. Similarly, Tramutoli et 
al. (2005) applied the RST methodology for the M7.8 Izmit earthquake on 17 August 
1999. Pergola et al. (2010) detected thermal anomalies a few days before the Abruzzo 
(Italy) earthquake occurred on 6 April 2009 (M5.8). Moreover, the long-term analysis 
(10 years of continuous data over Greece, with a false positive rate of 7%) performed 
by Eleftheriou et al. (2016a) revealed the generic correlation among earthquakes and 
RST calculated thermal anomalies.  
 
In the current study, RST has been adopted with the aim to detect and map thermal 
anomalies probably related with one of the most significant earthquake sequences 
recorded in northern Thessaly, near the city of Larissa during March of 2021 (for details 
about Thessaly sequence and its impact please refer to Ganas et al., 2021 and Mavroulis 
et al., 2021). The sequence included a M6.3 main event on March 3rd 2021, 10:16:07 
UTC which was followed by a M6.0 event after 32 hours and a M5.6 event on March 
12 and thousands of smaller aftershocks. For this purpose, 10 years (2012-2021) of daily 
Night-time Land Surface Temperature (LST) remotely sensed data from Moderate 
Resolution Imaging Spectroradiometer (MODIS), were analyzed.  
 
2. GEOTECTONIC SETTING 
 
The Province of Thessaly comprises the most extended plain in the Greek peninsula. Its 
terrain is divided into the Plain of Trikala-Karditsa to the west and the Plain of Larisa 
to the east. The Pinios River drains the entire Basin of Thessaly (Fig.1a).  On March  
 
http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 23/08/2021 05:06:02 |
 





Fig. 1: (a) The SRTM elevation model (Shuttle Radar Topography Mission Void 
Filled (DOI: /10.5066/F7F76B1X downloaded from https://earthexplorer.usgs.gov/) 
and (b) the geological map of the study area, with overlay of the major earthquakes 
obtained from European Mediterranean Seismological Centre, the major active faults 
(adopted from Ganas et al., 2013) and the seismogenic sources (adopted from Caputo 
and Pavlides, 2013) located in the area. 
 
3rd 2021 10:16:07 UTC, a strong earthquake (M 6.3) occurred 20 km NW of the city 
of Larissa. Another strong earthquake occurred on March 4th 18:38:19 UTC (M 5.8) in 
the same area. Consequently, many damages were caused by the seismic activity 
affecting thousands of people (Fig.1a).  The most serious damages occurred near 
Damassi and other villages located along the banks of Titarissios river. The broader 
area exhibits geological complexity and intense tectonic deformation (Athanassiou, 
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2002) (Fig. 1b). The plain is covered by a thick alluvium layer which represents a 
significant mantle of beds in the rivers and the streams (Athanassiou, 2002; 
Vassilopoulou et al., 2013). The Quaternary deposits can be classified to: alluvial 
sediments that cover the plain of Larissa, fluvial terraces (Penios river) and lacustrine 
deposits. Mesozoic carbonates (karstic limestones and marbles) and Paleozoic 
Metamorphic formations (gneiss, schists and amphibolites) are underlain the Neogene 
deposits. The simplified geology of the area is given in Fig. 1, after Athanassiou, 2002. 
After the Alpine orogenesis, Eastern Thessaly, was affected by a NE–SW extensional 
regime. As a result, NW–SE elongated horsts and grabens bounded by large normal 
faults were formed. This tectonic regime is responsible for the NW–SE trending Larissa 
Basin that dominates the morphology of the region (Caputo et al., 1994). From Middle-
Late Pleistocene until now, Thessaly is affected by a N–S lithospheric extension 
creating a new system of normal faults mainly trending E–W to ESE–WNW (Caputo, 
1990, Caputo and Pavlides, 1993). The major consequence of the structural 
rearrangement was the creation of the Tyrnavos Basin within the Larissa Plain (Caputo 
et al., 1994). The Tyrnavos Basin has a general E(SE)–W(NW) orientation and it is 
bordered by two antithetic sets of normal faults, both showing a partial overlapping 
right-stepping geometry (Caputo, 1995). 
 
3. MATERIALS AND METHODS 
 
The RST (Robust Satellite Techniques; Tramutoli et al., 2005; 2007) technique is a 
known multi-temporal procedure of satellite data analysis. Its main advantage 
compared to other methods is the “natural noise” reduction. The source of this “natural 
noise” can be the water vapor content of the atmosphere or several spatio-temporal 
changes in land cover, topography and weather conditions. This methodological 
approach assumes that each spatio-temporal anomaly constitutes a deviation from 
normality. This deviation/anomaly can be computed by analyzing multiple cloud-free 
satellite images that meet the same homogeneous characteristics (i.e., same spatial 
location, same spectral channels, same overpass hours and same day / month for each 
year) to be comparable to each other. The RETIRA-index, used in this work, is defined 
as:  
 
⨂𝛥𝛵(𝑟, 𝑡′) =  
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r = (x,y) defines the exact location of each pixel (x,y) on the satellite image, 
 
t’ refers to the acquisition time of the satellite image, with t’∈ τ, where τ characterizes 
the homogenous domain of satellite image acquired in the same hour of the day and the 
same month of the year.  
 
(i) ΔΤ(r,t’) represents the difference (T(r,t΄) -Τ(t’)) of the observed TIR signal 
value T(x,y,t) with the spatial average T(t) of all the pixels of the satellite 
image. T(x,y,t) is measured for each pixel of the satellite image (r), while T(t) 
is calculated in place on the satellite image, without considering the cloudy 
pixels, all representing the same class of the study area (land or sea) according 
to where the r is located, 
 
(ii) 𝜇𝛥𝛵(𝑟) represents the time average and 𝜎𝛥𝛵(𝑟) the standard deviation of 
ΔΤ(r,t’) measured at site r, computed only on cloud-free pixels from satellite 
images of the  homogenous datasets (t’∈ τ). 
 
The RETIRA index provides an estimation of the local (spatial-temporal) excess of the 
current ΔT(r,t’) signal with its historical computed mean value, weighted by its 
variability σV(x,y) at the given location. The latter includes all the possible noise 
sources, including also the ones that do not have any relationship to the monitored 
event. The use of ∆T(r,t) instead of T(r,t) reduces the possible contributions due to daily 
or yearly meteorological variations (e.g., occasional warming) and/or season time-
drifts. The signal (S) is evaluated by comparison with the standard deviation, σΔT(r). In 
this way, the signal to noise ratio (S/N) can be used to evaluate the intensity of 
anomalous TIR transients. Tramutoli et al., (2001) showed that the RETIRA index 
emphasizes low-level thermal anomalies regardless of sources of natural/observational 
noise.  
 
In many cases, the measurements of TIR anomalies are affected by unexpected natural 
and/or observational changes such as climatological (e.g., extremely warm days), 
wildfires, cloud coverage or inaccurate image navigation/co-location. Based on 
previous literature, (e.g., Filizzola et al., 2004; Tramutoli et al., 2005; Eleftheriou et al., 
2016a), one can conclude that RETIRA index (which is based on time-averaged 
quantities), is sensitive to the abrupt occurrence of signal outliers due to these natural 
(Aliano et al., 2008a) or observational (see Filizzola et al., 2004; Aliano et al., 2008b) 
phenomena. However, the specific spatiotemporal characteristics of these signal 
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variations (small duration, often known date of occurrence and typical spatial 
distribution) help RETIRA index to define, isolate and highlight the presence of 
spatiotemporally persistent thermal anomalies even in very low intensity (Tramutoli et 
al. 2005) and therefore eliminate false alarms.  
 
In this study the MODIS Land Surface Temperature and Emissivity Daily L3 Global 
1km (MOD11_A1) product (https://modis.gsfc.nasa.gov/)(i.e., the version 006 (V5)) 
available from February 24, 2000 was used for the RETIRA index computation. The 
daily level 3 LST product at 1km spatial resolution is a tile of daily LST product gridded 
in the Sinusoidal projection. A tile contains 1200 x 1200 grids in 1200 rows and 1200 
columns. The exact grid size at 1km spatial resolution is 0.928km by 0.928km (Wan, 
2013). This product’s spatial resolution guarantees an accuracy of 1 K under cloud-free 
conditions (e.g., Wan and Dozier, 1996; Wan, 2013). The retrieved MODIS Land 
Surface Temperature has only non-cloudy pixels due to the use of the MODIS cloud 
mask product (MOD35_L2 from Terra MODIS or MYD35_L2 from Aqua MODIS) 
(Wan, 2013). The Scientific Data Sets (SDSs) in the MOD11A1 product are shown in 
Table 1. The overpass times provided by MODIS LST product are in local solar time, 
which is defined as the MODIS observation time in coordinated universal time (UTC) 
plus longitude in degrees divided by 15 (Williamson et al., 2013). MODIS overpass 
times are converted from local solar time to local standard time or UTC. Night-time 
LST images (with approximately 00:00 local time of land surface observation in 
Thessaly) were preferably used because they are affected by soil–air temperature 
differences to a smaller extent than those acquired a different hour of the day. Moreover, 
night-time thermal images are less sensitive to local variations of solar illumination and 
shadows which could be a significant source of land surface temperature variability.  
 
10 years of satellite records (every day of February and March from 2012 to 2021) were 
incorporated to the RETIRA index computation. The use of long time series satellite 
data (usually more than 6 years of observations) is absolutely necessary in order to 
create the thermal background of the region of interest. In detail, during the pre-
processing phase, we isolated the “Night-time and Surface Temperature” layer dataset 
for the ten years’ time period and all the images were spatially clipped over the broader 
earthquake affected area. In this way, 283 images were obtained for the month of 
February and 310 images for the month of March. Each image contains 5921 non cloudy 
pixels. The existence of clouds in the images is given as no data value and consequently 
the number of available pixels reduces as the cloud coverage increases. The images 
after being spatially subset to the region of interest were checked one by one for the 
percentage of cloud cover in the specific area as it has been proved that in cases where 
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the cloudy fraction of the scene exceeds the 80% of the land portion, the remaining 
values of image constitute the considered signal not representing the real conditions at 
that given time (Eleftheriou et al., 2016a). Consequently, all the images with a cloud 
fraction more than 80% were excluded from the final reference field computation. A 
total of 343 images with a cloud cover of less than 80% were used to calculate the 
monthly reference fields μ∆T(x,y) and σ∆T(x,y); 173 images for February and 170 images 
for March  (Figs. 2 and 3 respectively). Subsequently the RETIRA index was calculated 
for 34 images. Of these, 16 images belong to February while 18 belong to March 2021. 
The remaining 25 images for the two months of 2021 had a cloud cover of over 80% 
and as a result were excluded from the procedure. The next step was the on-screen 
examination of the 34 calculated indices in order to check for the presence of imprinted 
thermal anomalies. RETIRA is assumed to be a Gaussian standardized variable and the 
choice of its relative threshold value quantitatively qualifies how much rare (and 
significant) are the identified anomalies. Anomalous pixels (i.e., pixels of thermal 
anomaly) were considered those having values of the RETIRA index higher than 2.5. 
The daily analysis revealed that 9 over the 34 images included anomalous pixels with 
RETIRA values higher than 2.5. 
 
As already mentioned, the main advantage of RETIRA method over other methods is 
the reduction of "natural noise". The last one may be due to changes in vegetation, 
topography and weather conditions. Since these noise sources are eliminated, the 
extracted thermal anomalies may be associated with intense and rare phenomena such 
as earthquakes, wildfires and extremely warm days. The time period (February and 
March) in which we applied this technique helps us to reject the last two phenomena 
(wildfires and extremely warm days). RETIRA anomalies may be also induced by 
cloud-coverage and inaccurate image navigation/co-location. Therefore, an assessment 
of achieved results was performed in order to discriminate true from false thermal 
anomalies. As a result, 2 out of the 9 images with RETIRA values higher than 2.5 were 
characterized as false thermal anomalies due to clouds existence. These false thermal 
anomalies are artifacts characterized from high RETIRA values located along the 
boundaries of cloudy pixels (violet areas) with the land pixels (Fig. 4). No thermal 
anomaly image with inaccurate image navigation/co-location was found. 
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Table 1. The Scientific Data Sets (SDSs) in the MOD11A1 product. 
(https://icess.eri.ucsb.edu/modis/LstUsrGuide/usrguide.html) 
 
SDS Name  Long Name  Number 
Type  







LST_Day_1km  Daily daytime 1km 
grid  
uint16  K  7500-65535  0  0.02  0.0  
QC_Day  Quality control for 
daytime LST and 
emissivity  
uint8  none  0-255  0  NA  NA  




uint8  hrs  0-240  0  0.1  0  
Day_view_angle  View zenith angle of 
daytime Land-surface 
Temperature  
uint8  deg  0-130  255  1.0  -65.0  
LST_Night_1km  Daily nighttime 1km 
grid Land-surface 
Temperature  
uint16  K  7500-65535  0  0.02  0.0  
QC_Night  Quality control for 
nighttime LST and 
emissivity  
uint8  none  0-255  0  NA  NA  




uint8  hrs  0-240  0  0.1  0  
Night_view_angle  View zenith angle of 
nighttime Land-
surface Temperature  
uint8  deg  0-130  255  1.0  -65.0  
Emis_31  Band 31 emissivity  uint8  none  1-255  0  0.002  0.49  
Emis_32  Band 32 emissivity  uint8  none  1-255  0  0.002  0.49  
Clear_day_cov  day clear-sky 
coverage  
uint16  none  0-65535  0  0.000
5  
0.  
Clear_night_cov  night clear-sky 
coverage  
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Fig. 2: Monthly Reference fields μ∆T(x,y) and σ∆T(x,y) calculated for February using 
MODIS LST  images acquired over the broader Larissa area from 2012 to 2021. The 
histogram showing the frequency distribution of the μ∆T(x,y)  (in Kelvin) is also given. 
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Fig. 3: Monthly Reference fields μ∆T(x,y) and σ∆T(x,y) calculated for March using 
MODIS LST images acquired over the broader Larissa area from 2012 to 2021. The 
histogram showing the frequency distribution of the μ∆T(x,y)  (in Kelvin) is also given. 
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Fig. 4:  Example of a false RETIRA thermal anomaly map. This pattern of artifacts is 
characterized from high RETIRA values located along the boundaries of cloudy pixels 
(violet areas) with the land pixels. Such images were excluded for further analysis. 
 
 
4. RESULTS AND DISCUSSION 
 
In this section, results achieved using the RETIRA index are presented and discussed. 
As we have already mention, the daily analysis revealed that 9 over 34 images included 
anomalous pixels with RETIRA values higher than 2.5. It is worth mentioning that 2 
out of the 9 images were characterized as false thermal anomalies due to clouds. For 
instance, Fig. 4 shows a false thermal anomaly mapped on 15 March 2021 and excluded 
from further analysis since the anomalous pixels are induced due to cloud coverage. 
The 2 images were identified with on-screen interpretation and were immediately 
excluded. In this case we cannot talk about a false alarm. We consider a false alarm to 
exist when the index shows abnormal values that are not due or induced by a known 
cause and within a period of 15 days before them or 30 days after them there has been 
no earthquake occurrence with M> 4 in the research area (Eleftheriou et al., 2016a). 
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Unfortunately, due to the bad meteorological conditions we were not able to depict in 
detail the time persistence of thermal anomalies. This is the case of missing values and 
depends directly on the time of observations. In our case the sequence of the 7 thermal 
anomalies, 3 before the main earthquake, 1 on the day of the earthquake and another 3 
after it, constitutes a successful application of the RETIRA index. Quite intense 
(Signal/Noise > 2.5) and rare, spatially extensive and time persistent, TIR signal 
transients were identified, appearing twenty-five, twenty and two days before the 
Thessaly main shock (pre-seismic anomalies: February 6th, February 11th March 1st), 
the day of the main earthquake (co-seismic anomaly) and one day, seven days and 
fourteen days after the main shock (post-seismic anomalies: March 4th, 10th and 17th) 
(Figs 5, 6 and 7). As shown in Figs. 5, 6 and 7, in some cases there are pixels with 
values up to 5 and this fact is an indication of the intensity of the anomalies (see dark 
brown pixels). Hence, we introduced the seven mapped thermal anomalies along with 
several geological elements, such as active faults and seismogenic sources in a 
Geographic Information System (GIS) (Figs 5, 6 and 7).  
 
Regarding the preseismic thermal activity of the region of interest, on the 6th of February 
the thermal anomalies appear East of Elassona, near the village of Farkadona while 
there are few pixels in the western part of the area of interest (Fig 5). On February 11 
(20 days before the main earthquake), the thermal anomalies are oriented ESE–WNW 
and are concentrated within the composite seismogenic zone located in the Tyrnavos 
basin. Near the village Damassi, almost at the point where the main earthquake 
occurred, they cross a second, NE-SW oriented zone defined by thermal anomalies (Fig 
5). On March 1, the clouds allow us to see only scattered thermal anomalies. In many 
cases these anomalies are spatially limited by the existence of faults as in the case south 
of Farkadona (Fig. 5). On the day of the earthquake, the thermal anomalies appear in 3 
areas: in the area between the epicenters of the main earthquake and the main aftershock 
that followed a day later, northeast of the village of Farkadona and in a N-W oriented 
zone east of the village of Mesochori (Fig.6). Finally, regarding the post-seismic 
thermal anomalies, on March 4 they are concentrated exclusively NE of Elassona (Fig. 
7), on March 10 they present a spatial distribution similar to the distribution of February 
11 and are controlled spatially by the ruptured zones as in the case north of Damassi 
village (Fig. 7). On March 17, the thermal anomalies occupy an extended area defined 
by the villages of Damassi, Farkadona Tyrnavos and reach very close to Larissa (Fig. 
7). 
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Fig. 5 Preseismic RETIRA thermal anomaly maps of the broader earthquake area 
combined with the active faults and seismogenic sources. Significant thermal anomalies 
were identified 25 (February 6th), 20 (February 11th) and 2 (March 1st) days before the 
main shock and are presented with different colors depending on their RETIRA value. 
The maps are draped over shaded relief. Cloud coverage is given with violet color. 
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Fig. 6: Coseismic RETIRA thermal anomaly map of the broader earthquake area 
combined with the active faults and seismogenic sources. Significant thermal anomalies 
are presented with different colors depending on their RETIRA value. The map is 
draped over shaded relief. Cloud coverage is given with violet color. The MODIS scene 
has been acquired the night of March 3, 2021. 
 
 
The total number of pixels characterized as thermally anomalous at least in one out of 
the seven RETIRA maps is 744. Moreover, the cumulative maps of Fig. 8 show the 
frequency of occurrence of thermal anomalies (i.e., the number of times over-threshold 
values are reached) during the 7 days represented by the RETIRA index maps for each 
pixel with RETIRA value greater than 2.5 (Fig. 8a) and for RETIRA value greater than 
2.0 (Fig. 8b). In the aforementioned images, pixels characterized anomalous only once 
are not presented. In this way, we were able to define the areas in which the thermal 
anomalies are space-time persistent. 
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Fig. 7: Postseismic RETIRA thermal anomaly maps of the broader earthquake area 
combined with the active faults and seismogenic sources. Significant thermal anomalies 
were identified on March 4th, 10th and 17th and are presented with different colors 
depending on their RETIRA value. Cloud coverage is given with violet color. The maps 
are draped over shaded relief. 
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In the first case, 84 pixels with values 2 (75 pixels) and 3 (9 pixels) have been isolated; 
regarding the pixels equal to 2, two of them are located west of village Damassi, 5 in 
the area between Damassi and Tyrnavos, 54 in the area between Tyrnavos and Larissa, 
while the rest 14 are mainly located to the northeast of Tyrnavos basin. The nine pixels 
with value equal to 3 (i.e., these pixels were characterized as thermally anomalous the 
3 out of the 7 days) are located east of Tyrnavos and they are surrounded from an 
extended area with value equal to 2 (Fig. 8a). The Fig. 8b shows the cumulative map 
when the RETIRA index threshold decreases to 2 instead of 2.5. As expected, the area 
covered by thermally anomalous pixels is more extended, as less intense anomalies are 
taken into account but the general spatial distribution pattern remains the same.  
  
Preferential spatial distribution of anomalies over time seems to be concentrated inside 
the composite seismogenic sources and to be controlled by the existence of the active 
faults. In some cases, thermally anomalous pixels are located in the junction of two 
faults. A probable explanation could be the uplifting of the fluids and/or gasses through 
the tectonic faults due to changes of the sub-surface physicochemical processes. For 
instance, micro-fracturing can lead to permeability changes and gas diffusion, which 
supported by their high mobility (Conti et al., 2021; Martinelli, 2021). As stated by 
Pulinets and Ouzounov (2011), increase of stress can cause release of CO2, CH4, N2O 
(greenhouse gases) that are trapped in the pores of rock, this can cause a local 
greenhouse effect). In addition, we note that the opening of microfractures has been 
suggested as a source of electrical precursors which some of the cases are related with 
the observations of gas emissions (see Vallianatos et al., 2004 and references therein). 
 
Finally, preliminary spatial analysis of the number of times over-threshold values are 
reached, shows that the thermally anomalous pixels are hosted mainly by Quaternary 
deposits (Fig. 9), probably due to their high permeability. Taking into account all the 
pixels which showed thermally anomalous behavior at least in one out of the seven 
RETIRA maps (744 pixels in total), the majority of them is detected in elevations lower 
than 350 m (Fig. 10a) and within a distance of 4 km from the faults (Fig. 10b). 
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Fig. 8: Cumulative maps counting for each pixel the number of times over-threshold 
values (i.e., RETIRA index greater than 2.5 and 2.0) are reached for the seven days of 
thermal anomalies. These products cover a period of time from February 6 to March 
17. 
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Fig. 9: The frequency distribution of cumulative thermal anomalies (based on Fig. 8b) 
within the different geological formations of the study area. With the green color is 




Fig. 10: The frequency distribution of all the thermally anomalous pixels (y-axis, 744 





In the present work, MODIS (LST) data from a time-period of 10 years (2012-2021) 
were coupled with robust satellite technique and especially RETIRA index, with the 
aim to detect anomalous signal variations ascribable to Thessaly’s earthquake sequence. 
We managed to detect preseismic, coseismic and post seismic thermal anomalies. The 
detected anomalies show a close spatial relation with the previously known seismogenic 
sources and the tectonic lineaments located in the area. Building up a system based on 
continuously updated observations, provided that they are adequately selected and 
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analyzed, may represent a hopeful research line to actually exploit accumulated 
knowledge of seismic hazard. In this direction, the RST technique and the long-term 
satellite thermal imagery processing combined with geological data can be proved a 
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